Tonoplast vesicles were isolated by discontinuous sucrose gradient centrifugation in the presence of Mg2+ from 5 day old corn (Zea mays L., Golden Cross Bantam) seedling roots. Marker enzyme assays indicated only a low degree of cross-contamination of tonoplast vesicles at the 10/23% (weight/weight) interface by other membrane components. Severalfold enrichment of tonoplast ATPase and pyrophosphatase was indicated in tonoplast fractions by dot blot studies with antibodies against an oat tonoplast ATPase and a mung bean tonoplast pyrophosphatase. Comparison of two-dimensional electrophoretic gels of tonoplast and microsomal membrane polypeptides revealed approximately 68 polypeptides to be specific to tonoplast by silver staining. Immunoblot analysis with antibodies against a tonoplast holoenzyme ATPase from oat roots revealed the presence of the 72, 60, and 41 kilodalton polypeptides in isolated tonoplast vesicles from corn roots. Affinity blotting with concanavalin A and secondary antibodies indicated the degree of glycosylation of tonoplast polypeptides, where 21 of 68 tonoplast-specific polypeptides contained detectable carbohydrate moieties. Salt and NaOH washes removed 38 of the tonoplast-specific polypeptides, indicating a peripheral association with the membrane. Thirteen of the peripheral polypeptides and eight of the integral polypeptides were identified as glycoproteins. This information on the polypeptide composition of the tonoplast of root cells will aid in gaining insight into the role of this membrane in controlling vacuolar functions.
cating a peripheral association with the membrane. Thirteen of the peripheral polypeptides and eight of the integral polypeptides were identified as glycoproteins. This information on the polypeptide composition of the tonoplast of root cells will aid in gaining insight into the role of this membrane in controlling vacuolar functions.
The central vacuole of mature plant cells usually occupies 80% or more of the intracellular volume. It is now recognized that vacuoles function in osmotic-based tissue support, ion balance and storage, metabolite storage and sequestration, and senescence and lysosomal compartmentation (32) . Many of these functions are mediated by the tonoplast membrane, which separates the neutral cytosol from the acidic and hydrolytic vacuolar sap. Since the development of techniques for the routine isolation of vacuoles, much information has been obtained on the properties of the tonoplast and the composition of the vacuolar sap (3) . It is recognized that a Mg+-ATPase or pyrophosphatase generates a proton motive force across the tonoplast that can be utilized to energize the transport of various solutes. Evidence for Ca2+/H', Na+/H+, sucrose/H+ antiport, and NO3-/H' symport in the tonoplast has been provided (13) . However, apart from the isolation of proton-translocating ATPase and pyrophosphatase, very little is known about tonoplast membrane proteins that conduct the rapid and specific exchange of ions, metabolites, and proteins between the cytosol and vacuolar sap.
Characterization of the protein composition of the tonoplast is an important initial step in understanding the mechanism by which the vacuole functions as an active metabolic compartment within the plant cell. Customarily, a particular membrane is identified and contamination assessed by the distribution of a specific marker enzyme (4) . Extensive use has been made of the NO3--sensitive ATPase as the marker of the tonoplast (4) . By using this marker it has been shown that the tonoplast represents only a small proportion of the total membrane of the cell and only 0.5% of the total membrane protein (0-120,000 g) or 1 .3% of the total microsomal protein recovered as tonoplast by equilibrium centrifugation (31) . As a consequence of the relatively low abundance of tonoplast proteins, a small degree of contamination by proteins from other membranes or the cytosol will have a major impact on the apparent polypeptide composition (3, 13) . Dietz et al. (8) recently documented the difficulties in characterizing tonoplast proteins because of the problems of contamination with proteins of the vacuolar sap, cytosol, and other organelles. By using two-dimensional gel electrophoresis, they have provided a detailed description of the polypeptide composition of the vacuolar membranes of barley mesophyll cells. One-dimensional gel electrophoretographs have also been presented for the polypeptides from Hordeum, Ananas, and Sedum (14, 15) . However, these gels have limited resolution. We are interested in the role of the tonoplast in regulating nitrate flux in plant roots. 
MATERIALS AND METHODS

Plant Materials
Corn caryopses (Zea mays L., Golden Cross Bantam) were germinated on two layers of paper towels saturated with 0.6 mM Ca[H2PO4]2 at 25°C in the dark for 2 d in a growth chamber. Uniform seedlings were selected and placed for additional 3 d on two layers of cheesecloth stretched over a 2-liter polyethylene beaker containing aerated nutrient medium (0.5 mM K2HPO4, 0.5 mM KH2PO4, 0.25 mm K2SO4, 0.4 mM MgSO4, 0.6 mM Ca[H2PO4]2, 46.4 AM H3BO3, 9.2 Mm MnSO4, 0.3 MM CuSO4, 0.8 gM ZnSO4, 0.1 AM Na2MoO4, 5 ,ug/mL Fe-EDTA) at 25°C in the dark.
Isolation of Microsomal Fraction
Corn roots (approximately 20 g fresh weight) were excised and ground with buffer in a prechilled mortar and pestle on ice (4, 9) . All subsequent operations were performed at 4°C. The homogenization buffer was used at a ratio of 8 (29) . Antimycin A-insensitive NADH Cyt c reductase in presence of 1 ,M antimycin A and Cyt c oxidase were assayed by the procedure of Briskin et al. (4) . The protein concentration was determined with BSA as a standard (25) .
Solubilization of Membrane Proteins
The recovered membrane fractions were diluted with buffer containing 2 mM DTT, 5 mM Tris/Mes (pH 7.0), and 2 mM PMSF, and were pelleted at 100,000g for 35 min. The total membrane proteins were solubilized using phenol extraction and precipitated by ammonium acetate in methanol (12) .
The peripheral proteins were removed by washing the tonoplast membrane preparations three times with 250 mm NaCl in 25 mm Na phosphate buffer (pH 7.0) containing 2 mM PMSF (11) . The membranes were then stripped of any remaining peripheral proteins by washing twice with 10 mM NaOH plus 2 mM PMSF and once with distilled H20. The proteins in the salt and NaOH washes were precipitated by 6% TCA and rinsed once with acetone. The integral membrane proteins were solubilized using phenol extraction and precipitated by ammonium acetate in methanol (12) . All the resultant proteins were solubilized in a urea buffer ( 12) .
Two-Dimensional Gel Electrophoresis
The IEF2 was conducted in glass tubes (150 mm x 1.5 mm i.d.) for 4 h at 300 V plus 1 h at 800 V (12) . The second dimensional gel electrophoreses were performed with a discontinuous buffer system (19) with the IEF gels laid in contact with 1.2 cm 4% stacking gel (36.5:1 acrylamide:N,N'-methylene-bisacrylamide) and electrophoresed through 14 cm 10% separation gel (74:1 acrylamide:N,N'-methylene-bisacrylamide). Molecular mass marker proteins from Bio-Rad were loaded in shallow wells on both edges of the stacking gel. The gels were stained by silver (2) or CBBG (24).
Western and Affinity Blotting
A blot of the SDS gel was prepared by electrophoretically transferring to nitrocellulose membrane (0.45 Mm) at 0.15 A for 1 h and then 0.25 A overnight (5), supplementing the transfer buffer with 0.1% SDS. The blot was stained with 0.5% Ponceau S in 1% acetic acid for 5 min, destained with dH20 for 15 min (30) , and blocked overnight at room temperature with blocking buffer (3% nonfat dry milk in TBS, pH 7.4) supplemented with 0.01% thimersol. The blocked sheet was then incubated for 2 h with 25 Ml rabbit polyclonal antibodies against an oat tonoplast holozyme ATPase (a gift from Dr. H. Sze, University of Maryland) in 10 mL blocking buffer. The nitrocellulose membrane was washed three times with 0.05% Tween-20 in TBS for 5 min and once with TBS for 5 min, and then incubated for 2 h with 40 ,ul horseradish peroxidase-goat antirabbit IgG (Sigma) in 40 mL blocking buffer. After being washed as above, the blot was incubated with freshly prepared peroxidase color reaction mixture made by dissolving 60 mg 4-chloro-1-naphthol in 10 mL methanol and then diluting in 100 mL TBS (pH 7.4) plus 0.02% H202. The dot blot experiments were performed with a minifold I apparatus (Schleicher & Schull) according to manufacturer's instructions. Serial dilutions (1:2) of tonoplast and microsomal samples were applied to the slots. The nitrocellulose membranes were blocked and probed with rabbit polyclonal antibodies against the oat tonoplast holozyme ATPase and a mung bean tonoplast pyrophosphatase ( 1-100 dilution, a gift from Dr. M. Maeshima, Hokkaido University, Japan) as described above.
For localization of Con A binding activity, 1 mM CaCl2, 1 mM MnCl2, and 1 mM MgCl2 were included in the blocking buffer and in the TBS used for washes. The blocked sheet was incubated for 2 h at room temperature with 10 ,tg/mL Con A (Sigma) in blocking buffer at pH 6.8 (to prevent aggregation of Con A above pH 7.0). The nitrocellulose membrane was washed five times with 0.05% Tween-20 in TBS (pH 7.4) for 10 min and then with TBS for 10 min. The blot was then incubated in sequence for 2 h with 40 ,uL rabbit anti-Con A IgG (0.6 mg/40 ,uL; Sigma), 40 ,uL horseradish peroxidasegoat antirabbit IgG (Sigma) in 40 mL blocking buffer (pH 7.4), and then washed three times each for 5 min with 0.05% Tween-20 in TBS and once for 5 min with TBS. The blot was then incubated with freshly prepared peroxidase color reaction mixture as described above.
RESULTS AND DISCUSSION
Distribution of Marker Enzyme Activities
The microsomal fraction of corn roots contains a variety of membranes that can be separated by centrifugation in linear or discontinuous sucrose density gradients. Nitratesensitive ATPase associated with the tonoplast typically equilibrates with a buoyant density of 1.09 to 1. 12 g/cm3 or around 21 to 28% sucrose after centrifugation of microsomal preparations from corn (4), barley (9) , and red beet (27) Historically, it has been difficult to conduct satisfactory two-dimensional gel electrophoresis on polypeptides prepared from plant membranes. In a detailed analysis, Hurkman and Tanaka (12) indicated that many of the problems were attributable to incomplete solubilization of the proteins and contamination with nonprotein components. The most satisfactory extraction of plasma membrane proteins from roots of barley seedlings was achieved with phenol extraction followed by precipitation with ammonium acetate in methanol (12) . It was considered appropriate to adapt this extraction procedure for the recovery of polypeptides from the microsomal and tonoplast-enriched fractions in the present study. In mammalian systems, it has been reported that while lipids and a large portion of membrane protein partitions into the organic phase during phenol extraction, glycoproteins may be predominantly found in the aqueous layer (28) . Lysosomal membranes have been demonstrated to have high glycoprotein content (26) and are considered to be somewhat analogous to the tonoplast (3). It is important to ensure that the membrane glycoproteins are not lost to the aqueous phase during extraction. Very little protein was recovered from the aqueous phases after extraction of tonoplast-enriched or microsomal fractions with phenol. Subsequent analysis (described later) indicated that glycoproteins extracted from the membranes were recovered in the phenol phase. This distribution of the glycoproteins to the phenol as opposed to the aqueous phase may be attributable to the relatively lower carbohydrate content of the majority of plant glycoproteins in comparison with many of the glycoproteins from the mammalian system (10). Analysis of the polypeptides extracted with phenol from the microsomal (Fig. 1B) and tonoplast (Fig. 1A) fractions demonstrated the occurrence of many polypeptides with molecular masses ranging from 20 to 120 kD (Fig. 1, A and B) . In accordance with the results of Dietz et al. (8) , the ratio of tonoplast-specific polypeptides to contaminating polypeptides should be increased in the purified tonoplast fraction relative to the microsomal fraction. Since the tonoplast is prepared from the microsomal fraction, it is anticipated that many of the polypeptides are common to both fractions. However, because ofthe enrichment ofthe tonoplast from such contaminants as plasma membrane, ER, and Golgi apparatus by discontinuous sucrose density gradient, there will be an enrichment of tonoplast membrane polypeptides in the 10/23% interface. The dot blot studies with antibodies against an oat root tonoplast ATPase and a mung bean tonoplast pyrophosphatase indicated that there was a three-to fourfold and fourto fivefold enrichment of the ATPase and pyrophosphatase, respectively, in the isolated corn root tonoplast fraction over microsomal fraction (Fig. 2) . In two-dimensional gels, this feature is readily apparent for polypeptides with an isoelectric pH value around 7.5 and molecular mass from 20 to 35 kD (Fig. 1 A) . The numbered spots with arrows identify the prominent tonoplast-specific polypeptides. The other polypeptides may represent cross-contaminants or polypeptides that are present in membrane components in general. A total of 68 polypeptides were identified to be enriched in the silverstained gels (Fig. 1 A) .
Although silver staining of proteins is extremely sensitive for the detection of polypeptides, the Interaction of a protein with the lectin provided a convenient assay for glycosylation with complex oligosaccharides. When Western blots oftwo-dimensional gels of the tonoplast fraction were probed with Con A, 66 glycopeptides were identified, and 21 ofthese corresponded to tonoplast-specific polypeptides identified by the silver staining (Fig. 4 ).
-31 Figure 3 . Immunoblot analysis of reactivity of oat holoenzyme ATPase antibody to tonoplast polypeptides. Polypeptides from corn tonoplast were separated in two-dimensional gels, transferred to nitrocellulose membrane, and probed with the indicated antibodies as described in "Materials and Methods." Arrows with numbers designate the positions of the 72 kD sunuit (10), 60 kD subunit (13) , and 38 kD polypeptide (33) in association with the numbering system of the tonoplast-specific polypeptides in Figure 1 A. Arrows alone indicate the positions of the 41 kD subunit and 35 kD polypeptide.
shown to consist of 72 kD substrate-binding and catalytic subunits, 60 kD putative regulatory subunits, 41 kD subunits, 16 kD NN'-dicyclohexylcarbodiimide-binding and protonconducting subunits, and 13 kD subunits (17) . Using immunoblots with polyclonal antibodies against a native holoenzyme ATPase from oat roots, it was clearly demonstrated that the 72 kD, 60 kD, and 41 kD polypeptides were present in tonoplast from corn roots, whereas the two subunits (16 kD and 13 kD) were not retained in the 10% gels (Fig. 3) (17) .
Glycopeptides in the Tonoplast
The lysosomal membrane is characteristically enriched in glycoproteins (26 could be removed from the tonoplast by salt wash. An additional different set of polypeptides was recovered when the salt washed membranes were extracted with NaOH (Fig. 5B) . The membranes after extraction with salt and NaOH contained the integral proteins. They were extracted with phenol and separated by two-dimensional gel electrophoresis (Fig.  SC) . A total of 38 tonoplast-specific polypeptides were identified to be peripheral polypeptides and a total of 30 polypeptides were identified to be integral proteins (Fig. 5, A and C) . Thirteen of the peripheral polypeptides and eight of the integral polypeptides were identified as glycoproteins. The polypeptides (Fig. 5, A and B, big arrows) were identified as integral proteins since they were still membrane-associated after extensive washing with salt and NaOH (Fig. SC) . The peripheral proteins may include cytoplasmic contaminants. However, the minimal activity of the acid hydrolyases excludes the possibility of contamination with vacuolar matrix enzymes.
On the basis that 35% of the 72 kD and 60 kD polypeptides of the oat seedling tonoplast ATPase could be removed by low ionic strength buffer or 0.4 M KI for 20 min on ice, Lai et al. (17) concluded that the 72 kD catalytic and 60 kD regulatory subunits were peripheral polypeptides. In the present study, we found that some of the 72 kD and 60 kD subunits were extracted with salt and NaOH (Fig. 5, A and  B) . However, polypeptides of these molecular masses were still present in the integral polypeptide fraction (Fig. 5C ).
CONCLUSIONS
There is an increasing awareness of the diversity of functions attributable to the plant vacuole. Most of the functions are mediated by the tonoplast that separates the cytosol from the vacuolar sap. Although some insight has been gained into the enzymes involved in the maintenance of acidity in the vacuole, very little information is available on the polypeptides involved in all other activities of the tonoplast.
Dot blot experiments with antibodies against the tonoplast ATPase and pyrophosphatase demonstrated that the tonoplast membranes could be enriched from the microsomal pellet by sucrose gradient centrifugation. Using the criterion of polypeptide enrichment, tonoplast-specific polypeptides could be identified in two-dimensional gels. Immunoblot analysis revealed that three subunits ofthe oat holoenzyme ATPase were present in the isolated corn root tonoplast vesicles. An Figure 5 . A to C, Silver-stained two-dimensional gels of (A) polypeptides released by NaCI washing of tonoplast vesicles, (B) polypeptides released by NaOH washing of NaCI washed tonoplast vesicles, and (C) polypeptides remaining (integral proteins) after NaCI and NaOH washing of tonoplast vesicles. Peripheral polypeptides are indicated by numbers with small arrows (A) and integral polypeptides by numbers with small arrows (C). Numbers with big arrows in A and B represent the integral polypeptides in C, which are also partially removed by salt and NaOH washes. (32) . This may account for some ofthe correspondence of polypeptides on the tonoplast gel with microsomal gel.
The isolation of proteins from the membranes with the phenol procedure developed by Hurkman and Tanaka (12) for plasma membrane provides excellent reproducibility. Although the tonoplast contained glycoproteins, the polypeptides are not as extensively glycosylated as occurs in the lysosome (26) . About one-third of the total tonoplast-specific polypeptides are glycosylated with oligosaccharides capable of reacting with Con A.
At this stage, we cannot assign functions to all of the identified polypeptides. However, the reproducibility of the procedure provides us with a technique for identifying changes in the polypeptide composition associated with environmental changes.
In this regard, we are identifying changes in polypeptide composition ofthe tonoplast associated with nitrate transport. Much of the nitrate in plant cells accumulates in the vacuoles (21) . Chodera and Briskin (6) have indicated that uptake of chlorate into tonoplast vesicles is mediated by a A'T driven uniport mechanism, and it has been suggested that nitrate flux across the vacuole may regulate cytoplasmic nitrate content and overall flux of nitrate into the plants (7) . Others have suggested that uptake is regulated by an inducible nitrate carrier mechanism within the plasma membrane (7). Foreseeably, two carrier mechanisms will be involved. The reproducibility of the protocol for isolating and identifying polypeptides of the tonoplast may enable us to characterize vacuolar membrane proteins associated with nitrate transport.
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